This paper describes the use of both the streaming current detector (SCD) and coagulation computer models to provide real-time data for required coagulant feed rates. The method for computer modeling of coagulation and other water treatment processes/operations was originally developed for Lake Michigan Filtration Plant in Grand Rapids, Michigan (MI). Since the initial implementation, a number of water treatment plants (WTPs) in the United States have begun routinely utilizing computer models for chemical feed control and process performance optimization. One plant, Holland WTP in Holland, MI, currently employs both an SCD and a coagulation computer model for chemical feed control. Case studies presented in this paper compare the performance of coagulation computer models and the SCD in full-scale operation.
INTRODUCTION Coagulation mechanisms
Coagulation is employed to remove colloidal matter, particles with negligible settling velocity. Because most naturally occurring colloids are negatively charged, they are maintained in suspension by the repulsive force of their like charges (Letterman et al. ) .
When a coagulant, e.g. hydrolyzing metallic salt, is added to water, it dissociates; the metallic ions undergo hydrolysis, creating positively-charged hydroxometallic complexes (Reynolds & Richards ; Letterman et al. ). These hydroxometallic complexes adsorb to the surface of colloidal particles, thereby reducing their electrostatic forces. This reduction in repulsive, electrostatic forces destabilizes the colloidal particles that, when aggregated during the subsequent flocculation process, will form settleable or filterable floc. This type of coagulation is referred to as charge neutralization (Letterman et al. ) .
Metal coagulants also react with natural alkalinity, forming an insoluble metal hydroxide with the potential to adsorb destabilized (or partially destabilized) colloidal particles, resulting in sweep coagulation and rapid settling (Reynolds & Richards ; Letterman et al. ) .
Streaming current detector
The streaming current detector (SCD) is an instrument for measuring net colloidal and coagulant surface charges of a water sample following chemical addition (Walker et al ; AWWA ). The SCD provides a 'feedback' type of coagulation control. The water sample is analyzed after coagulant addition. The streaming current produced when the water sample passes through the SCD sensor is amplified and displayed in streaming current value (SCV) units. The SCD signal can then be used to adjust coagulant dose based on a predetermined set point.
Untreated raw water has a negative charge. An addition of coagulant results in reducing particle charges and the streaming current becomes less negative. An increasing positive signal may be an indication of charge reversal and particle restabilization. The optimum streaming current set point is the SCD value at which satisfactory finished water quality is achieved at the lowest possible coagulant dose. Once established, this set point is maintained by adjusting the coagulant dose either manually or automatically (AWWA ).
METHODS
The computer simulation method described in this paper was initially developed to simulate the pilot ozonation and biological fluidized bed treatment at Ann Arbor Water Treatment Plant (WTP) in Ann Arbor, Michigan (MI) (Yavich & Masten , ) . The application of this method was then broadened to include full-scale water treatment processes/ operations and to predict finished water quality (Wierenga & Yavich ) .
The rate of change in the response variable varies with changes in independent inputs over a given period of time (Chapra ) . Based on this principle, various non-linear regression models have been developed that establish the relationships between the rate of change of the response variable (i.e., chemical dose, effluent quality, filter run, etc.) and independent variables (i.e. raw water quality, water temperature, flow rate, etc.), e.g.
where P is the rate of change of the response variable; F is input parameter; k is weight factor. Iterative convergence methods (e.g. Marguardt method, the simplex minimization method, etc.) have been used to obtain k factors that provide the best agreement between the model and plant data (Luyben ). These computer models provide a 'feed-forward' type of chemical feed control. The source water and operating parameters are fed, manually or automatically, into the model, which then advise operators of the required chemical feed rates.
RESULTS AND DISCUSSION

Plant specifics
Lake Michigan Filtration Plant (LMFP) in Grand Rapids, MI, has a design capacity of 145 MGD (MGDmillion gallons a day; 1 gallon ¼ 3.78 L) treating water from Lake Michigan. The plant employs alum for coagulation and has six conventional flocculation/sedimentation basins and four upflow clarifiers that operate in parallel. Any of the eighteen dual-media filters can be fed from either the flocculation/sedimentation basins or the upflow clarifiers. LMFP was the first plant in the USA to implement computer models that provided real-time advisement to the operators of the required coagulant feed rates.
The Holland WTP in Holland, MI, has a capacity of 38.5 MGD and employs conventional treatment including prechlorination, coagulation, sedimentation, dual-media filtration and postchlorination to treat water from Lake Michigan. However, the amount of sludge that resulted from the plant's use of alum for coagulation proved problematic. To reduce sludge, the plant tested full-scale polyaluminum chloride (PACl) and a premanufactured blend of alum/cationic polymer. Currently the Holland plant employs alum and a cationic polymer. This plant uses both computer models and the SCD to provide realtime data for required coagulant feed rates.
The typical range of raw water quality in Lake Michigan is listed in Table 1 .
Computer model development and implementation
At LMFP, where the typical alum dose is between 10 and 20 ppm, the coagulant demand can rise suddenly, reaching 30 or even 40 ppm. Consequently, a timely response requires a plant operator to immediately recognize the need forand runa prompt jar test. However, as the test takes at least 30 minutes to complete (and may take longer in light of other on-going operational tasks), still further water quality changes may occur in the interim.
By adapting the computer modeling method described in the previous section to real-time simulation of coagulation and other plant processes/operations, a model able to predict chemical feed rates under various process conditions was developed. Before implementing this model, the management staff analyzed its performance in a variety of situations that had in the past proved challenging. For example, on February 15, 2001, steady water conditions were observed until 8 a.m. (see Figure 1 ). By 9 a.m. water conditions had begun to change rapidly. In response to these changes, the operators increased alum dose from 11 to 20 mg/L. Several hours later, when the applied turbidity and filtered turbidity (not shown) started to increase, the operators further increased the dose to 40 mg/L and were able to lower both the settled and filtered turbidities. It is important to note the difficulty of running an effective jar test in situations such as these, where water conditions change rapidly. Although the operators were able to maintain effluent turbidity within the plant's guidelines, the model would have allowed the operators to respond to changing water quality more quickly and effectively.
After the management staff developed confidence in the model's accuracy in predicting the required coagulant dosage, its efficacy in daily operation was evaluated by the plant's operations staff. The plant operation was closely monitored in order to verify that the model correctly predicted the required coagulant doses under all plant conditions. Initially, the model was utilized as a stand-alone PC program into which the operators manually input required data. The model would then advise them of the recommended coagulant dose (see Figure 2 ), as well as expected settled and filtered water turbidity, tap pH, alkalinity, etc. Although the program was designed to provide real-time feedback regarding the required coagulant dose and anticipated effluent quality, it could also be used for training purposes, as well as to evaluate the effect of changes in plant conditions on process performance, without actually altering plant operation.
Eventually, the input data were made available to the plant's SCADA (Supervisory Control and Data Acquisition) system and fed, real-time, into the model. This provided the operations staff with a continuous readout of the recommended alum dose.
Chemical feed control using computer models and streaming current detector
Interpretation of the streaming current signals poses a challenge that is due in large part to the dependence of the streaming current optimal set point on source water conditions (AWWA ). For example, a significant increase in source water turbidity may call for set point adjustments, especially in situations when the sweep coagulation mechanism becomes predominant. Numerous other factorsincluding temperature, pH, alkalinity, and conductivityalso have the potential to affect the streaming current set point, rendering interpretation even more difficult (AWWA ).
Regional and local variations in water quality exist even in a large and relatively homogeneous body of water such as Lake Michigan. The factors that affect turbidity removal are somewhat unique to each intake location. At Holland WTP, for example, rising raw water turbidity may signal the need for additional coagulant, but is not sufficiently consistent to be used as a reliable indicator. Additionally, increases in chlorine demand and/or alkalinity have historically been observed to be qualitative indicators for a need to increase coagulant dose. Although such changes were often related to runoff events, they were not consistently predictable.
The Holland WTP has been employing an SCD since 1989. Although useful when water conditions were stable, the operators noted that in rapidly changing water conditions, the streaming current signal was often difficult to interpret. In 2003, the plant also implemented a computer model to provide operators with real-time data of the required alum doses. Models were later developed for other coagulants employed at the plant. The following cases describe the performance of the plant's computer models and the SCD.
The first case refers to the operation on June 27-28 and October [29] [30] [31] 2003 . PACl was employed for coagulation. During these periods, the plant operated under stable conditions, with raw turbidity below 1 NTU and 3.5-4 NTU respectively. On June 27-28 the SCD set point was maintained at around 0.2 (see Figure 3(a) ), while on October 29-31 the SCD set point was approximately À0.2 (see Figure 3 (b)).
A higher SCD set point on June 27-28 is attributable to very low raw turbidity. Under low turbidity conditions, a low coagulant dose is needed to effectively destabilize colloidal particles. However, because the solution is very dilute, these destabilized particles may be difficult to flocculate during the subsequent flocculation process. As a result, extra coagulant may be required to form additional metal hydroxide solids for more effective flocculation. This extra coagulant also produces additional positive charges, thus increasing the streaming current signal. The analysis of applied particles count data did confirm that ineffective flocculation under low turbidity conditions called for additional coagulant in this particular case. Notably, the model correctly responded to these changes in raw water conditions.
The second case refers to plant operation on January 27-31, 2004. Alum was used for coagulation. During that period the plant experienced significant variations in raw turbidity and UV254 (see Figure 4) .
Initially, operators set the alum dose based on the SCD reading. The model, however, indicated possible underfeed at the beginning of the period (see Figure 5 ). A subsequent increase in filter effluent turbidity above 0.05 NTU (the plant's operational goal) confirmed this, prompting operators to increase the dose, bringing it in line with the model's recommendations. This helped reduce and maintain the filter effluent turbidity below 0.05 NTU. As is evident in Figure 5 , the SCD signal was constantly changing. As the chemical feed control using the SCD relies on maintaining a constant streaming current signal, in this case the SCD failed to correctly advise operators of the necessary adjustments of coagulant dose.
The results of further analysis suggested that the SCD was affected by natural organic matter (NOM). Most components of NOM are anionic polyelectrolytes, whose charges depend primarily on carboxyl and phenolic groups (Collins et al. ; Manahan ) . As a result, untreated NOM may contribute to negative SCD signals. The NOM reacts with the coagulant's positive charges, reducing the coagulant's neutralizing effectiveness (Collins et al. ; Bottero & Bersillon ) . Also, the reactions of NOM with the coagulant can reverse their charge. This can potentially increase the SCD signal even when coagulation is incomplete and an additional coagulant dose is needed to destabilize colloidal particles. This additional coagulant dose can further increase the SCD signal (see Figure 6 ). The case studies presented in this section underscore the importance of correctly interpreting the SCD signal in utilizing the SCD for dosage control. In the Holland WTP, operators have been successful in determining the optimum SCD set points based on raw water quality. They were also able to quickly recognize situations in which the SCD did not appear to respond correctly to changing raw water conditions.
CONCLUSIONS
Because the SCD advisements of necessary adjustments to coagulant dose are based on a predetermined set point, correct interpretation of SCD signals is critical for effective use of the instrument. Depending on source water conditions, the optimum SCD set point may need to be adjusted seasonally, monthly, and in some cases daily. Moreover, when source water is influenced by NOM or when sweep coagulation becomes the predominant coagulation mechanism, the effectiveness of the SCD may be limited.
Coagulation computer models provide real-time data of the required chemical feed rates. If all relevant input data are made available to the plants' SCADA systems, they can be fed real-time into the model, providing the operations staff with a continuous readout of the recommended coagulant doses. Models can also help identify the most effective chemical feed control practices for specific raw water conditions and treatment train configuration. Where multiple chemicals, such as a metal coagulant and polymer, are fed, a model can help operators understand the chemical interactions and their effect on water quality, as well as predict the optimum coagulant and polymer doses.
Although the computer models described in this paper were designed to control the coagulation process on a realtime basis, they have the additional potential to be used for training purposes. They also provide a method of evaluating the effect of changes in plant conditions on process performance without physically altering plant operation.
Finally, the associated computer simulation methods have been used to develop computer models for other water treatment processes and operations, including sedimentation, filtration, disinfection, lime softening, and corrosion control. Used together, these models provide WTPs and their operators with the ability to optimize their entire treatment operations.
